Abstract-The penetration depth ( ) dependence on temperatures for high superconducting YBa 2 Cu 3 O 7 thin films stored in various environments was measured by a well-designed microwave dielectric resonator. A -wave 2 dependence was observed at low temperatures, while an exponential dependence of the penetration depth ( ) relevant to the wave was detected as temperature increases due to thermal fluctuation. An abnormal upturn of the penetration depth at temperatures below 10 K attributed to the surface current carried by the defect surface-induced Andreev bound states can be apparently observed without applying heavy-ion bombardment from this relatively higher frequency measurement. Readers who endeavor to start this kind of measurement can use the well-modified dielectric cavity in conjunction with the detailed measuring procedure.
I. INTRODUCTION
T HE DETERMINATION of the order symmetry of high superconductors is still being hotly debated [1] - [3] . The current consensus regarding the -wave symmetry in the hole-doped cuprates rests to a considerable extent on the success in interpretation of the anisotropy order parameter around the position [4] . Strong scattering potentials due to nonmagnetic impurities lead to a finite energy spectral feature in the -wave impurity band which causes a strong local suppression of the order parameter, resulting in a small change of the low-temperature properties of the penetration depth measurement [5] . Recent penetration measurements at low temperatures [6] - [8] indicate that the London penetration depth in high superconductors has a mixed symmetry order-parameter. An anomaly upturn of the penetration depth dependence on temperature at temperatures below K for heavy-ion bombarded superconducting YBCO thin films arising from the surface current induced by Andreev surface bound states was reported [9] .
The deviation of the penetration depth from its low-temperature value , defined as , has an exponential temperature dependence for -wave (BCS) pairing states as calculated by Mattis-Bardeen (MB) [10] , [11] , and a power law dependence for a -wave [12] . An impurity or defect scattering can change the dependence from to [13] . In general, the results are for clean limit and for impurity scattering. An impurity scattered -wave with a mixture of -wave due to thermal fluctuation as proof of a dependence occurring at low temperatures and an exponential dependence at high temperatures was also proposed [14] .
Microwave techniques allow high-precision measurements of the temperature dependence of the London penetration depth in the oxide superconductors. Many new techniques have been attempted [15] - [17] to obtain more sensitive measurement. In this work, we have probed the temperature dependence of the penetration depth by a well-designed dielectric resonator with the advantages of being easily detachable for the sample mounting and microwave coupling. The base-line shift in the -factor measurement is solved from the Smith chart by drawing a perfect circle with best fitting and re-plotting the S from the available data provided in the circle, resulting in a precise determination of . The temperature variations with stability within 0.17 K can be easily achieved without manipulating any novel temperature controller. This measurement interposes evidence that the upturn of the dependence on at very low temperatures can be observed for the defective surface of high thin films without a complex modification of the sample surface. The anomaly of due to surface defect-induced Andreev bound states can be readily illustrated.
II. FORMALISM
The surface impedance of a metal film defined to be the ratio of the normal electric field over the surface magnetic field as can be derived to have the real and imaginary parts as [18] ( The surface resistance of superconductors can be derived from the quality factor of the dielectric resonator where is defined as (3) In general, the factor can be measured from the bandwidth of the resonant frequency, which depends on the change of the penetration depth of the cavity wall. This frequency shift is conventionally derived from the Slater perturbation method that only considers the skin depth of metals. However, the power law dependence of the skin depth on frequency cannot portray the exponential dependence of London penetration dependence. We are compelled to apply the cavity perturbation theory to calculate the dependence of the frequency shift with the factor and the surface impedance.
III. DIELECTRIC RESONATOR DESIGN
A dielectric resonator (DR) with high dielectric constant can greatly reduce the cavity volume and yield a high quality factor for a low-loss tangent crystal. The most often used crystal is sapphire rod which has a dielectric constant of , while an alternate LaAlO has . The detail of the DR construction is shown in Fig. 1 where a sapphire rod is installed at the center of a copper-made cylindrical cavity. The superconducting films with sizes slightly larger than the small inner diameter of the cavity are faced down on the sidewalls of the sapphire. Two copper discs engaged by springs are mounted on the films to make tight contact. A straight coaxial antenna with the polyethylene shield near the end being stripped off and forming a loop is inserted from the cavity side. The antenna soldered on a female K-connector can precisely control the insertion depth by four screws mounted on the connector that are also engaged by four springs. The coupling for the microwave power into the cavity from the antenna can be adjusted readily from the insertion depth.
The appropriate electromagnetic fields propagating inside the cavity can be solved from the Maxwell's equation with proper boundary conditions. For a cylindrical cavity with a longitudinal coordinate along the axis and an azimuthal radius , the electric and magnetic fields within the dielectric rod are [19] for (4) where , is the cavity length, and is the propagation constant. The fields within the space will be
where . The other components along the radius and azimuthal directions within the dielectric rod for , and between the space can be derived from and and are illustrated in [19] . The continuities of the and fields at the boundary require
In the case of nontrivial solution, the parameters , , , , , can be solved with the Jacobian determinant as shown in (7) at the bottom of next the page, in conjunction with the dispersion relations , . If , the electromagnetic wave can be decoupled into either the TE or TM modes, whereas for , both TE and TM modes can be excited simultaneously and are referred to as the hybrid mode (HEM ). In this work, we exploit the TE mode, which has a lower radiation loss than the TM mode outside the dielectric rod. In this mode , , are zero, and (7) can be reduced to (8) The coefficients , , and are related by (9) The energy stored inside the sapphire rod is (10) and the energy stored outside the sapphire rod is (11) The power loss on the sample including both the upper and lower planes is (12) whereas the power loss on the copper wall is (13) The quality factor yields (14) where and are the geometric factors as specified in (12)- (14), respectively. To obtain a higher accuracy in the determination of sample resisitivity, the cavity length should be much shorter than the radius .
The equivalent circuit including the coupling from the antenna to the cavity can be simulated by a lossy transformer as shown in Fig. 2 , from which the input impedance becomes [19] (15) where and are the inductances of primary and secondary coils respectively, and . The cavity resistance and inductance are composed of the surface resistance and inductance attributed to the superconducting film. We can detune the resonant frequency by shifting the observing points along the transmission line by a length such that where . Then (15) becomes (16) where is the characteristic impedance and , , , is the new resonant frequency, and the coupling coefficient is defined by (17) The condition of coupling occurs when , which means undercoupled, which means critical coupled, and , which means overcoupled. The reflection coefficient measured directly from the network analyzer will be (18) The absolute value and phase angle of are respectively (19) and (20) (7) In the practical measurement, the coupling is kept undercoupled ( ) to obviate the field perturbation that implies measurement error. The Smith chart of S , in this case, shows a circle with a radius smaller than 1. Since the loaded -factor depends critically on the coupling constant , the unloaded value can be solved by two methods as described as i) Directly measure the reflectivity at the full-width of half maximum (FWHM) of the resonant curve which occurs at (21) The loaded quality factor and the unloaded quality factor can be evaluated as , , and the coupling constant , where the symbol means undercoupled, and means overcoupled conditions, respectively. ii) Directly solve the from curve fitting of (22) where the constant is derived from the deviation of the base line from 1 db, since the radiation loss is pronounced at high frequency. The constant can be readily determined for the base line parallel to the horizontal line.
IV. EXPERIMENTAL RESULTS AND DISCUSSIONS
A -oriented sapphire rod of 3 4 mm in diameter with a length of 3 6 mm was implemented as the dielectric resonator. The dielectric constant is 11.6 along the -axis and is 9.4 along the -plane. The YBa Cu O superconducting films were deposited by laser ablation on substrates of LaAlO and SrTiO , at film thickness of 300 nm and 400 nm, with onset critical temperatures at 82 K and 84 K, respectively. A movable insertion tube, as shown in Fig. 3 , can be exploited as a temperature variation controller just by lowering down the cavity unit at different depths above the liquid helium level. The temperature can be stabilized within 0.17 K at different positions of the DR at thermal equilibrium.
In this measurement, we found that the fluctuates largely with the coupling constant while the derived from the method mentioned in the previous section retains a constant value within a variation of 5%. The coupling constant as a function of temperature is plotted in Fig. 4 . According to Equation (17) , is inversely proportional to . The reason that decreases with increasing temperature is due to the increasing input resistance ( ) as temperature increases. The S reflectivity as measured from the network analyzer HP 8722D, as shown in Fig. 5 , indicates that the resonant frequency and the factor both increase sharply as the temperature decreases. In the case when the base line of the S curve is not parallel to the horizontal 1 db line, the Smith chart will be distorted from a perfect circle. A circle is drawn by best fitting as shown in Fig. 6 , and the new S is replotted from the data adopted from the Smith chart. The Smith chart as shown in Fig. 6 reveals that near the critical temperature (at 77 K), the coupling changes from undercoupled to overcoupled near 4 K, which clearly shows the correctness of (17) . This means that increases with the decrease of resistivity . The penetration depth can be deduced via (2) and (3) from the measured value, with the results of the temperature dependence of as shown in Fig. 7 . The solid line is the fitting curve with the Mattis-Baddeen theory [11] (23) where is the order parameter. The -wave predicts the power law dependence [20] or at the low temperature region, which is fitted as the dashed line. However, the empirical result below 15 K reveals an abnormal upturn, advocating the existence of surface bound states even without artificial heavy-ion bombardment [9] .
With the samples stored in air with high humidity for three days, the surface resistance , as shown in Fig. 8(b) , increases linearly with temperature below 50 K, which is quite different from the flat results [ Fig. 8(a) ] of the freshly prepared samples. This fact is usually attributed to the moisture absorption and gradually desorption of oxygen atoms especially after warming from the liquid helium temperature. Since at temperatures far below the quasinormal electrons are hardly excited for -wave superconductors, the should be kept constant. The for this sample as shown in Fig. 9 reveals the same evidence of the upturn below 10 K with the experimental data that can be fitted with the -wave temperature dependence. This abnormal upturn at low temperatures can be prosaically ob- served in this work without any special surface treatment, probably arising from the higher resonant frequency ( 30 GHz) that we employed in comparison with the much lower frequency (below 10 GHz) applied in other groups. Thereby, the surface effect will be prominent at higher frequency.
V. CONCLUSION
In this work, we have designed a microwave dielectric resonator, which is easily detachable for mounting the superconducting films and changing the coupling coefficient to measure the London penetration depth. The variation of temperatures can be readily obtained with a rather high stability just by raising and lowering a simply constructed insertion tube. The drawing of the perfect circle from the measured reflectivity data in the Smith chart and re-plotting the S adopted from the Smith circle yield results that are immune from the error attributed to the deviation of the base line from the 1 db horizontal axis due to radiation loss.
The temperature dependence of the London penetration depth measured at relatively high frequency in comparison with other groups reveals that the anomaly of the upturn below 10K attributed to surface currents carried by surface defect-induced Andreev bound states can be observed without a complex heavy-ion implantation. The power law dependence occurring at low temperatures illustrates the -wave symmetry for the high superconductors, while the exponential behavior at high temperatures alludes to the thermal fluctuation from the -state to -state or mixed state.
